Abstract: Loosening of the glenoid component after a total shoulder arthroplasty, leading to pain and the need for a revision operation, accounts for one third of all shoulder replacement complications. It has been shown that glenoid loosening could be a result of osteolysis of periprosthetic bone induced by polymeric wear debris. The aim of this study was to determine the amount and pattern of in vivo wear of polyethylene glenoid components by examining a set of so-called retrievals. Six glenoid components were retrieved and examined (5 all-polyethylene and 1 metal-backed). The average time of functioning of these components in human bodies was 10 years with the shortest time of 7 and longest 14 years. Four components were scanned using a laser scanner. The results of measurements have been used to generate geometrical models of the retrievals using CAD software. These models have been subsequently used to determine the maximum depth and volumetric wear rate for each component. All six retrievals were examined using scanning electron microscopy (SEM). The maximum volumetric wear rate and wear depth for the analyzed retrievals was 30 mm 3 /year and 0.2 mm/year, respectively. From SEM analysis of the retrievals it was found that at macroscopic level the worn surfaces consist of (a) polished and (b) scratched regions. Intensive wear areas and fine multidirectional scratches were dominant in all retrievals. Random scratches were also observed, most probably due to third body wear (cement particles). In two implants pitting areas and surface micro-cracks have been observed, which most likely result from subsurface fatigue.
Introduction

1
Loosening of the glenoid component after a total shoulder replacement (TSR) leading to pain and the need for a revision operation is a common complication causing one third of all shoulder replacement complications [1, 2] . It has been shown that glenoid loosening might be associated with osteolysis of periprosthetic bone induced by polymeric wear debris [1] , as has been the experience with hip and knee replacement [3] . The wear particles, which are larger than those found in hip or knee replacement, are the results of in vivo degradation -wear and plastic deformation (cold flow) -of the polyethylene layer of the glenoid component coupled with a metallic humeral head. Although the contact forces in the shoulder joint are much lower than in knee or hip joints [4] , high polyethylene degradation in vivo -due to erosion of the rimsurface irregularities, fracture and extensive wear, have been found in total shoulder replacement [2, 3, [5] [6] [7] [8] [9] [10] . In contrast to acetabular or tibial components, the small thickness glenoid component (typically less than 7 mm), and lower joint radial clearance, ranging from 1 to 5 mm [11, 12] , might result in higher contact stresses, and thus in a higher wear rate [13] . In addition to loosening, the stabilising function of the glenoid component can be disturbed by deformation (cold flow) and damage of the polyethylene glenoid prosthesis. It was also found that glenohumeral instability after arthroplasty was associated with the loss of the glenoid rim [10] . Therefore it can be concluded that polyethylene wear could be the main factor increasing the complication rate in shoulder arthroplasty and it is important to asses wear mechanisms and determine the wear rate of artificial shoulder joints.
Only few studies have been performed to assess the wear of glenoid components [5, 6, 9, 10] in comparison to plenty studies concerning hip and knee replacements. From gross examination of retrieved glenoid components, Scarlat and Matsen [10] found that none had the same surface and shape as before implantation, even after one year of functioning in a patient body. Gills [6] and Gunther et al. [6] concluded that abrasion, burnishing, pitting, and delamination were found as the most predominant modes of glenoid polyethylene wear. Moreover, some retrieved components were worn out completely [7, 9] and some of them were fractured [7] . All these studies have been mostly concentrated on the qualitative assessment of the polyethylene wear on the base of visual observations of retrieval implants. However, the quantitative assessment of in vivo wear performance of total shoulder replacement has not yet been reported.
There have been several studies concerning a quantitative analysis of the wear of hip prosthesis based on examination of the retrieved components. Precise measurements of change in the volume of the polyethylene cup cavity of the retrieved component, with respect to the original one, were used to determine the wear rate. The shadowgraph method was used to determine the direction and extent of wear of acetabular cup by examination of moulds (casts) of the internal bearing surface of the cup using a shadowgraph instrument [14, 15] . The volumetric wear of acetabular cups can be also determined directly with a fluid-displacement method [16] . In this method, change of the volume V is obtained by subtracting the volume of a fluid poured into the unworn cup cavity from the volume needed to fill the worn cavity. Another method described in ref. [17] was used for measurements of the change in the thickness of acetabular components by using ultrasonic equipment. Finally, the wear rate can be measured using a coordinate measuring machine (CMM) [18] [19] [20] . The change in dimensions is calculated based on the measured coordinates of the worn surface points. With respect to the geometry of the glenoid component the measurements using CMM seem to be the most suitable and accurate method for determining the wear rate in glenoid components.
The aim of this study is to evaluate the amount and pattern of in vivo wear of the polyethylene glenoid component on the basis of the examination of the retrievals.
Results of this study may be used in validation of shoulder wear simulators and, furthermore, in studies of potential materials for improving the wear performance of total shoulder replacement. The amount of wear is measured volumetrically by using a laser scanning system. Furthermore, the wear pattern is analysed by scanning electron microscopy (SEM). Additionally, the components are evaluated visually for evidence of polyethylene wear such as abrasion, pitting, scratching, burnishing and delamination, according to the method proposed by Gunther et al. [7] Tab. 1. Demographic data for the retrieval components Patient no.
Sex/ Age
Reason for TSR 
Materials and methods
Six glenoid components were retrieved and examined (five all-polyethylene and one metal-backed) (Tab. 1, Fig. 1 ). All components were originally fixed with bone cement. A mean time in vivo use for all components was about 10 years, with the shortest 7 and longest 14 years. Main reason for all revisions was glenoid component lucency.
To measure volumetric wear and wear depth of the retrieved components a laser scanning system was used. Only four components (no. 001 -004) were scanned since only for these components the full demographic data were given. The working surface of each component was scanned with accuracy of about ±6 µm using a laser scanner LDi (Laser Design Inc, Minneapolis). For each examined surface, xyz coordinates of about 50 000 points have been recorded by the scanning system, and stored. Based on these coordinates the 3D geometrical model of the articular surface was generated using Geomagic software (Raindrop Geomagic Inc, Durham, NC).
For each component worn and unworn (or slightly worn) portions of the worn surface were selected by visual inspection. Based on the points located on the worn portion a best-fit sphere was generated. The centre O w (x w , y w , z w ), radius R w and out-ofsphericity e w were determined in the way explained in Fig. 2 . The same procedure was performed for the unworn portions and the same parameters determined. All the best-fit calculations were performed using the LDi software based on the leastsquares fit method. Maximum wear depth (d w ) was determined as the maximum radial deviation of the worn surface from the unworn surface (Fig. 2) according to the following equation [18] :
where The 3D models of the worn and unworn surfaces were used to determine the volumetric wear using CAD software -Pro/ENGINEER (PTC, Needham, MA). By prescribing the same thickness two surface models were replaced by two solid models (Fig. 3) using the software functions. The first solid model, which represents a worn glenoid component, was generated based on the whole working surface consisting of unworn and worn portions. The second model, which represents an unworn glenoid component, was generated based only on the unworn surface. Because the unworn surface is only a part of the whole surface, the cross section of the first model, which represents a shape of the component, was used to generate the second model. It seems to be more logical to generate the second model based on a new unworn component. However, it was very difficult to obtain adequate prostheses from manufacturers since the analysed components were more that 7 years old and they are mostly not produced and available any more. The volume of each model was calculated using an internal function of Pro/ENGINEER. The difference between volumes of unworn and worn models gives us the volumetric wear (w).
4
Fine details of the worn surface have been studied by SEM. The retrievals were examined using this technique for analyzing wear scar locations, wear topography and stress-related gross microcracks. For SEM observations the surface of the components was sputter-coated with a gold film (20 nm). Observations were carried out, using various microscopes (Balzers SCD040, JEOL, Peabody, MA) at magnifications from 10 to 4000. Additionally, the components were evaluated visually for evidence of polyethylene wear such as abrasion, pitting, scratching, burnishing and delamination, according to the method proposed by Gunther et al. [7] To assess an accuracy of determining the maximum wear depth (d w ) and volumetric wear (w) error estimation was performed (see Appendix). 
Results
The obtained results for depth and volumetric wear are shown in Tab. 2 and Tab. 3. The tables include data for four components. The remaining two components were not analysed because there was no patient data for these retrievals.
It has been found in the present study that the volumetric wear rate varies from 6.9 to 30.4 mm 3 /year. The maximum linear wear rates for the analysed retrievals exceed 0.2 mm/year. The maximum wear depth ranges from about 0.7 mm to even 2 mm. The large part of metal-backed component was worn completely through the polyethylene (about 6 mm) what gives a maximum wear rate of about 0.43 mm 3 /year. Because of large and irregular deformation, volumetric wear wasn't determined for the metal-backed component.
There were no significant differences in wear rate between keeled and pegged components. The accuracies of determining wear depth and volumetric wear were estimated as about ±20 µm and 20%, respectively.
From the scanning electron micrographs of the exposed surfaces of the retrievals it was found that the worn areas consist of: (a) polished and (b) as scratched regions (Fig. 4) . Fine multidirectional scratches were dominant in all retrievals. Scratches were also observed that suggest a third body wear (cement particles). In addition to the scratches, flakes also are observed. Moreover, two implants had pitting areas and surface microcracks, which most likely result from subsurface fatigue.
Visual examinations of all retrievals show evidence of a polyethylene wear such as abrasion, pitting, scratching, burnishing and delamination. The dominant damage modes were scratching, pitting and dimpling. Surface polishing was also found in four components. 
Discussion
In order to examine wear and cold flow in the total shoulder replacement several studies of retrieved glenoid components have been performed (see for example refs. [5, 6] ). However, to the best of the authors' knowledge, the present study is the first to provide quantitative assessment of in vivo wear performance of total shoulder replacement. This is also the first study describing preliminary wear rates in total shoulder arthroplasty (TSA). The observed linear wear rates in the glenoid prostheses are within the average values observed clinically in hip and knee arthroplasty. For retrieval hip prostheses Schmalzried et al. [21] reported average annual linear wear rates of about 0.13 mm varying from 0.03 to 0.38 mm. Two times higher average wear rates of about 0.23 mm (from 0.05 to 0.4 mm) were found for knee prostheses [22] . The measured maximum volumetric wear rate of 30 mm 3 /year for the shoulder prostheses is smaller than that obtained for hip (40 -80 mm 3 /year [19] ) and knee (31.8 ± 42.76 mm 3 /year [23] ) prostheses.
In the visual observation and SEM analysis of the retrievals, abrasion, pitting, scratching, delamination and microcracks were found on the polyethylene layers.
These damage modes are similar to those found by Gunther et al. [7] , Rockwood et al. [9] and Scatlet et al. [10] . Also similarly to the results shown by Gunther et al. [7] , the severe degradation areas have the highest wear and damages in all retrievals. The significant abrasive and fatigue wear observed in the study might be the result of high surface and subsurface stresses acting in TSR and multidirectional component relative movement during shoulder articulation. Besides the mentioned mechanical factors the wear might also be influenced by oxygen, which can diffuse into the polymer over time, reacting with the free radicals present and causing chain scission. This is accompanied by reduction in polymer molecular weight, the overall result being a change in physical properties of the polymer. Generally, chain scission is considered to result in a decrease of wear resistance.
From this study it can be concluded that significant polyethylene wear and deformation do appear in TSR and may contribute to limited long-term survivorship of TSA. Therefore it is important to establish wear mechanisms and minimize wear of artificial shoulder joints. For future investigation of the wear in TSR more retrievals and similar non-used components will be collected.
